1 Introduction
==============

Alternative splicing (AS) is a common mechanism of higher eukaryotes to expand transcriptome complexity and functional diversity. The expression of alternative isoforms of many genes respond to developmental regulation ([@btx578-B5]) and to environmental cues ([@btx578-B1]) and hence, there is an interest in studying the dynamics of AS by RNA-seq. While many algorithms have been developed for differential AS analysis most of these approaches target pair-wise comparisons. Dedicated methods for time series AS analysis either restrict to the estimation of isoform levels ([@btx578-B2]) or require large datasets to model time profiles ([@btx578-B4]).

The analysis of differential isoform expression in time course experiments poses a number of specific challenges. Different transcripts of the same gene may vary in their time trajectories and the analysis algorithm should be able to identify those genes where isoform profiles change differently in a significant manner. Additionally, clustering is complicated by the fact that genes have different number of isoforms and hence data do not fit into the structure of traditional clustering, where the same number of data points is required for each feature. Therefore, novel clustering strategies should be envisioned. Finally, transcripts of the same gene have frequently very different expression levels, with one 'major' isoform being most expressed and alternative isoforms having lower expression. Ideally, analysis approaches should be able to account for this.maSigPro is an R package designed for the analysis of multiple time course transcriptomics data ([@btx578-B3]). We present here Iso-maSigPro, a further adaptation of this method to study differential isoform usage in time course RNA-seq experiments. More elaborated motivation and details on the algorithm can be found in [Supplementary Materials](#sup1){ref-type="supplementary-material"}.

2 Methods
=========

Following the generalized linear model (GLM) described in [@btx578-B3], for each multi-isoform gene two GLM models are created, identifying *J* isoforms with *J* − 1 binary variables (*I*^1^,..., $I^{J - 1}$ ). The reference model, *M*~0~, considers there exist only constant differences between isoforms and the global gene model, *M*~1~, considers the possibility of a time versus condition versus isoform interaction. For instance, for a gene with two isoforms, two experimental conditions or series and linear effects: $$\begin{matrix}
{{M_{0}:}{g(\mu_{ij})} = {\beta_{0}^{0} + \beta_{1}^{0}t_{ij} + \beta_{2}^{0}z_{ij}^{1} + \beta_{3}^{0}t_{ij}z_{ij}^{1} + \beta_{4}^{0}I_{j}^{1}}} \\
{{M_{1}:}{g(\mu_{ij})} = {\beta_{0}^{1} + \beta_{1}^{1}t_{ij} + \beta_{2}^{1}z_{ij}^{1} + \beta_{3}^{1}t_{ij}z_{ij}^{1} + \beta_{4}^{1}I_{j}^{1}}} \\
{+ \beta_{5}^{1}t_{ij}I_{j}^{1} + \beta_{6}^{1}z_{ij}^{1}I_{j}^{1} + \beta_{7}^{1}t_{ij}z_{ij}^{1}I_{j}^{1}} \\
\end{matrix}$$ being *g* the 'link function' that characterizes the GLM, $\mu_{ij} = E(y_{ij})$ the expected value of isoform expression *y~ij~* for observation *i* and isoform *j*, *t~ij~* the time and $z_{ij}^{1}$ the binary variable that identifies the experimental condition. The significance of the interaction is estimated based on log-likelihood ratio statistic of the two models ([Supplementary Materials](#sup1){ref-type="supplementary-material"}). Iso-maSigPro takes as input a transcript-level expression data frame including a column with gene assignments. Seven new functions enable analysis of differentially expressed isoforms ([Fig. 1](#btx578-F1){ref-type="fig"} and [Supp. Materials](#sup1){ref-type="supplementary-material"}):
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1.  *IsoModel()* implements the DS models *M*~0~ and *M*~1~ for each multi-isoform gene, using the polynomial model obtained with the generic *make.design.matrix()* maSigPro function that best describes the experimental design. The comparison of both models gives as a result a FDR-corrected *P*-value of differential splicing. Transcripts from significant DSGs are then subjected to regular Next-maSigPro analysis to detect differentially expressed transcripts (DETs).

2.  *IsoModel()* returns a list of DSGs together with the estimated models of associated isoforms to be used as input in *getDS()* function to obtain a selection of DSGs at a pre-established level of goodness of fit.

3.  *seeDS()* creates a clustering of all differential transcripts (regardless their genes) and *tableDS()* identifies the cluster assignment of major and secondary isoforms for each gene. Genes with specific profiles in their isoforms can be selected with the function *getDSPattern()* and visualized with *IsoPlot()*

4.  *PodiumChange()* identifies DSGs with a switch of major isoform at the specified time points.

3 Results
=========

Iso-maSigPro was applied to the analysis of a public RNA-seq dataset (GEO accession GSE75417) describing a mouse six time points B-cell differentiation course triggered by the expression of the transcription factor Ikaros. Transcripts were quantified with eXpress ([@btx578-B6]) to find a total of 34 156 transcripts belonging to 12 572 genes, of which 6882 genes are multi-isoform.

The *IsoModel()* function gave as overall result the selection of 347 DSGs containing a total of 1239 transcripts. Of these, 665 also had significant time course changes (DETs) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). *seeDS()* grouped these 665 DETs into 6 clusters ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"} and [Table S2](#sup1){ref-type="supplementary-material"}) and *tableDS()* identified the cluster assignment of major and minor forms to reveal that for most DSGs, differential isoforms did express similar trajectories ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). However, Iso-maSigPro functions facilitated the identification and visualization of genes with biologically interesting isoform expression changes. [Figure 2A](#btx578-F2){ref-type="fig"} shows the expression of *Nfkb2* identified with *getDSPattern()* as a DSG with significant transcripts in two different *seeDS()* clusters (major isoform in cluster 4 and minor isoform in cluster 1, respectively down and up regulation patterns after Ikaros induction). *PodiumChange()* helped to locate 37 genes with major isoform switches at the latest time points ([Supplementary Table S4](#sup1){ref-type="supplementary-material"} and [Fig. S2](#sup1){ref-type="supplementary-material"}). [Figure 2B](#btx578-F2){ref-type="fig"} shows an example of one such gene (*Mxi1*), transcriptional repressor involved in B-cell differentiation (see more in [Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}).
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4 Discussion
============

The Iso-maSigPro set of functions updates the maSigPro framework to analyze isoform changes in time course transcriptomics data. We model differential isoform utilization as the interactions between the isoform, experimental condition and time, and evaluate significance with the log-likelihood ratio statistic of the models including or not this interaction. To extract biologically meaningful changes in relative isoform abundances, we introduced new clustering and querying functions. *seeDS()* and *tableDS()* help to find genes with substantial isoform profile differences in time, while *PodiumChange()* identifies those cases with a switch in the most expressed transcript. We showed examples where these functions helped to select genes with functionally relevant isoform changes. maSigPro is the first Bioconductor package with specific functions for the analysis of time course alternative isoform expression.
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